Mouse spermatozoa and androgenetic one-cell embryos (androgenones) at various developmental stages were exposed to etoposide (1 µM), a topoisomerase II (topo II) poison, or to either of two catalytic inhibitors: 
Introduction
In eukaryotic cells, type II topoisomerases (topo II) mediate chromosome condensation and segregation in the M phase and help maintain the structure of metaphase chromosomes [1−3] . Thus, the inhibition of topo II activity potentially causes aneuploidy and structural chromosome aberrations in dividing cells [4] . Mammalian oocytes and spermatocytes during meiotic divisions cannot escape from chromosome damage induced by topo II inhibitors such as etoposide, bisdioxopiperazine ICRF-193 and merbarone. Etoposide belongs to a class of topo II poisons that stabilize enzyme-DNA cleavable complexes [5] . and merbarone belong to another class of topo II inhibitors, referred to as catalytic inhibitors [6, 7] .
When murine primary and secondary oocytes were exposed to etoposide, both aneuploidy and structural chromosome aberrations were frequently induced [8−11] . ICRF-193 was also clastogenic and aneugenic to mouse secondary oocytes [12] . Etoposide's ability to induce structural chromosome aberrations and aneuploidy in male meiosis has been reported in mice [13−16] and rats [17] . Furthermore, merbarone has been shown to be aneugenic to mouse spermatocytes [16, 18] .
On the other hand, there is no available information on the cytogenetic effects of topo II inhibitors on sperm nuclei at pre-or post-fertilization stages, except that mouse testicular sperm nuclei did not suffer chromosome damage by etoposide [11, 15] . Sperm nuclei exhibit chromatin dynamics with fertilization as a turning point [19−21] . Before fertilization, mature sperm nuclei are highly condensed, but during 4 fertilization they decondense and extensively expand to form enlarged male
pronuclei. An immunocytological study in the mouse revealed that mature sperm nuclei had no topo II, while decondensing sperm nuclei showed a distribution of topo II originating from ooplasmic stores [22] . Interestingly, it has been reported that teniposide, a topo II poison, induced endogenous DNA nicks in decondensing mouse sperm nuclei during fertilization [23] . These results suggest that ooplasmic topo II is involved in molecular remodeling of sperm chromatin. Hence the inhibition of ooplasmic topo II during fertilization may cause structural aberrations in paternal chromosomes.
To confirm the probability of this, mouse sperm nuclei at pre-and post-fertilization stages were exposed to etoposide, ICRF-193 and merbarone, and their chromosomes were identified as male pronuclear chromosomes in eggs at the first cleavage metaphase. Previous studies found that etoposide and ICRF-193 can induce chromosome aberrations in mouse oocytes during meiosis II [9, 12] . In addition, our preliminary experiment with mouse parthenogenetic embryos showed that merbarone had clastogenic action on secondary oocytes. To evaluate clastogenic effect of the inhibitors on sperm nuclei, male pronuclear chromosomes should be discriminated from female pronuclear chromosomes. Usually, male pronuclear chromosomes appear longer and less condensed than female pronuclear chromosomes. However, our experience shows that this does not always a reliable indication of male pronuclear chromosomes in mouse zygotes arrested at metaphase by mitotic inhibitors.
In the present study, therefore, androgenetic embryos (androgenones) were microsurgically produced by injecting sperm nuclei into enucleated 5 oocytes to makes sure that we look only at sperm-derived chromosomes. TYH medium was used for incubating spermatozoa under 5 % CO2 in air [24] . The medium for handling spermatozoa under 100 % air was a modified TYH containing 20 mM Hepes-Na, a reduced amount of NaHCO3 (5 mM), and 0.1 mg/ml polyvinyl alcohol (PVA: cold water soluble, Sigma-Aldrich) in place of bovine serum albumin. This was referred to as Hepes-TYH medium. The medium used for culturing oocytes and androgenones under 5 % CO2 in air was CZB [25] temporarily kept in CZB medium at 37 °C and then transferred into a droplet (10 µl) of Hepes-CZB medium containing 5 µg/ml cytochalasin B (Sigma-Aldrich) and enucleated as described elsewhere [26] . The enucleation 7 was performed at room temperature. The enucleated oocytes were thoroughly washed with CZB medium and kept in the medium at 37 °C until use.
Mature spermatozoa were collected from the cauda epididymides of B6D2F1 male mice 7−12 weeks of age, and were incubated in TYH medium for 1.5−2.0 h at 37 °C. The motile spermatozoa were transferred into a droplet (10 µl) of Hepes-TYH medium containing 10 % (w/v) polyvinylpyrrolidone (PVP: Nacalai Tesque, Kyoto, Japan). Sperm heads were separated from the tail by applying one or more piezo pulses; the sperm heads were then individually injected into enucleated oocytes by the intracytoplasmic sperm injection (ICSI) technique established by Kimura and Yanagimachi [27] . The ICSI procedure was performed in a droplet (10 µl) of Hepes-CZB medium at room temperature. In every microsurgery, 9−25 oocytes were used and sperm injection was finished within 30 min. Sperm-injected eggs (androgenones) were cultured in a droplet (100 µl) of CZB medium under paraffin oil at 37 °C.
Sperm nuclear remodeling in enucleated eggs
Cytological preparations of several androgenones were made 1, 2, 3, 4, 6, and 8 h after ICSI as follows. Zonae pellucidae were removed by digestion with 0.5 % protease (Kaken Pharmaceuticals, Tokyo) in Ca 2+ /Mg 2+ -free Dulbecco's phosphate buffered saline (PBS). The androgenones were washed once with CZB, and fixed and air-dried according to Mikamo and Kamiguchi [28] . The slides were conventionally stained with 2 % Giemsa (Merck Japan, Tokyo) for 8 min. DNA synthesis was analyzed using BrdU labeling and detection kit (Roche, Mannheim, Germany). In brief, androgenones were 
Chemical treatments
On the basis of the results obtained in the preliminary analysis of sperm nuclear development, the following stages were determined as targets of the topo II inhibitors.
(1) condensed chromatin of spermatozoa just before ICSI (2) decondensing and recondensing chromatin in androgenones 0 to 2 h after ICSI (3) expanding chromatin at the time of pronuclear formation in androgenones 2 to 4 h after ICSI (4) pronuclei at G1 to early S phases in androgenones 4 to 6 h after ICSI 9 (5) pronuclei at S phase in androgenones 6 to 8 h after ICSI When condensed chromatin was exposed to topo II inhibitors, spermatozoa were incubated in TYH medium containing topo II inhibitors for 2 h. Then they were washed with Hepes-TYH medium by centrifugation and prepared for ICSI. When remodeled chromatin was exposed to topo II inhibitors, androgenones were transferred, at a predetermined time, to CZB medium containing topo II inhibitors and incubated for 2 h. After being fully washed with CZB medium, the androgenones were further cultured in the medium at 37 °C.
Chromosome preparations and analysis
Six to eight hours after ICSI, androgenones were transferred to CZB medium containing 0.02 µg/ml vinblastine sulfate (Sigma-Aldrich) and cultured until they reached the first cleavage metaphase. Between 18 and 20 h after ICSI, androgenones were treated with 0.5 % protease to loosen the zona pellucida and exposed to a hypotonic solution (1:1 mixture of 1 % sodium citrate and 30 % fetal bovine serum) for 10 min at room temperature.
Chromosome slides of androgenones were made by the gradual-fixation/air-drying method [28] . The chromosome slides were stained with 2 % Giemsa for 8 min for conventional chromosome analysis.
Subsequently, each chromosome was C-banded to stain the constitutive heterochromatin, as previously described [29] . All autosomes and an X chromosome of B6D2F1 mice used in this study have a positive C-band at the Because it was impossible to perfectly detect reciprocal translocations by C-banding analysis, underestimation of this aberration type was unavoidable.
Statistical analysis
Differences between the treated and untreated groups in the percentage of androgenones with structural chromosome aberrations were compared using the chi-square test. Either the chi-square test or Fisher's exact probability test was used to compare the ratio of each aberration type.
Individual group comparisons of frequencies of structural chromosome aberrations per cell were performed by the one-factor ANOVA and Bonferroni/Dunn post-hoc tests. Differences were considered significant at P < 0.05. androgenones incorporated BrdU, and at 6 h six of 11 pronuclei underwent DNA synthesis. Thus, there was no a marked change in sperm chromatin dynamics and timing of DNA synthesis in enucleated eggs. Table 1 summarizes the results of the chromosome analysis at the first cleavage metaphase of the androgenones derived from sperm chromatin exposed to each of the three topo II inhibitors at the pre-and post-fertilization stages. ICRF-193 yielded no significant increase in structural chromosome aberrations in sperm chromatin at any stage.
Chromosome analysis
Etoposide and merbarone induced no structural chromosome aberrations in condensed sperm chromatin at the pre-fertilization stage. Alternatively, both chemicals caused severe damage in sperm chromatin at every post-fertilization stage. Expanding chromatin at the time of pronuclear formation in androgenones was most sensitive to both etoposide and merbarone, at 2 to 4 h after ICSI, as nearly 100 % of androgenones exposed to these chemicals in this stage displayed multiple structural chromosome 12 aberrations (Fig. 2) . In both chemical groups, the frequency of aberrant chromosomes per cell exceeded 5 (Fig. 3) . Based on the percentage of chromosomally abnormal androgenones and the frequency of aberrant chromosomes per cell, the next most sensitive stage was 4 to 6 h after ICSI (pronucleus at G1 to early S phases) in the etoposide group (86.3 % and 1.99), and 0 to 2 h after ICSI (decondensation and recondensation phases) in the merbarone group (93.5 % and 3.32).
Most of the aberrations caused by etoposide and merbarone were of the chromosome type (Fig. 4) . In androgenones exposed to these chemicals 0 to 2 h after ICSI (decondensation and recondensation phases), 54.9 % of aberrations in the etoposide group were chromosome exchanges including dicentric, translocation, or ring types, and 48.7 % of aberrations in the merbarone group were these exchange types. However, the percentage of chromosome exchanges was significantly reduced after exposure at subsequent stages (P < 0.05−0.0001, χ 2 -test). In both chemical groups, the incidence of chromatid exchanges was evidently high following exposure in the S phase (6 to 8 h after ICSI) compared to other exposure groups (P < 0.0001, Fisher's exact probability test). Overall, the types and frequencies of structural chromosome aberrations induced by 1 µM etoposide were similar to those induced by 50 µM merbarone.
Discussion
The present study revealed that the cytogenetic effects of topo II inhibitors on sperm chromatin differed considerably depending on the type of inhibitors and the remodeled states of chromatin at the time of exposure. Jacquet et al. [30] and Matsuda et al. [31] reported that the stage of highest X-ray sensitivity in mouse fertilized eggs was the pronuclear formation stage, followed by fertilization stage and DNA synthesis stage, in this order. Most of chromosome aberrations in male genomes induced by the irradiation at pre-DNA synthesis were of chromosome-type, and the frequency of chromosome exchanges drastically decreased after the completion of pronuclear formation [31] . Thus, it is noteworthy that the present results obtained by the exposure of androgenones to etoposide and merbarone somewhat agree with the previous results obtained by X-irradiation to fertilized eggs, although the primary target differs.
There are two possible explanations for the insensitivity of condensed sperm chromatin to etoposide and merbarone. One is that these inhibitors 14 are not accessible to the tightly packed sperm nucleus. Another is that mature spermatozoa lack etoposide and merbarone targets. The latter has been suggested by the immunocytological findings that mature sperm nuclei lack topo II [22] . The issue may be settled by investigating whether sperm chromatin would be affected by these inhibitors when the content of disulfide bonds in protamines was reduced by dithiothreitol. The immunostaining also found that decondensing sperm nuclei distribute antibodies which recognize both isoforms (α and β) of ooplasmic topo II [22] . The distribution of ooplasmic topo II on decondensing sperm chromatin suggests that the remodeling of sperm chromatin is accompanied by the formation of transient DNA cleavages mediated by ooplasmic topo II. Etoposide is a topo II poison that stabilizes enzyme-DNA cleavable complexes leading to DNA strand breaks [5] . This is understood as the mechanism underlying etoposide's clastogenicity.
On the other hand, merbarone is classified as a catalytic inhibitor that blocks topo II-mediated DNA strand breaks without stabilizing cleavable complexes [6] . In support of this, other studies have shown that there was no increase in DNA strand breaks in cultured mammalian somatic cells treated with merbarone [32, 33] . Furthermore, merbarone exclusively induced aneuploidy during male meiotic divisions in mice [16, 18] . Based on these findings, merbarone has been considered an aneugen not a clastogen.
Recently, however, micronucleus assays using human cultured somatic cells and mouse bone marrow cells have demonstrated that merbarone can induce both structural chromosome aberrations and aneuploidy [34, 35] . Although the molecular mechanisms underlying the clastogenicity of merbarone 15 remain to be fully elucidated, the dysfunction of ooplasmic topo II by this agent may cause the torsional stress of DNA to accumulate in remodeled sperm chromatin, thereby generating DNA strand breaks. In the present results, expanding chromatin of androgenones at 2−4 h after ICSI was extremely sensitive to merbarone, as compared to that of other groups. At this time, in succession to the replacement of protamines by histones, DNA strands rapidly and maximally expand for the subsequent pronuclear DNA synthesis [20] . Therefore, there is more opportunity for DNA to be subject to breaks from torsional forces.
In spite of sperm chromatin states, the treatment with 1 µM etoposide or 50 µM merbarone for 2 h at post-fertilization stages affected more than 50 % of androgenones. Unfortunately, no comparable data on in vitro sensitivity of other germ cell stages to these topo II inhibitors has been reported. However, when human G0 lymphocytes were exposed in vitro to 50 µM etoposide for 2 h, only 4 % of treated cells had unstable chromosome aberrations [36] . When human epidermoid cancer KB cells were treated in vitro with 1.25 µM etoposide for 6 h, the frequency of chromosomally aberrant cells was about 42 % [37] . Although comparable data on in vitro sensitivity of somatic cells has been limited to etoposide, sperm DNA during chromatin remodeling seems to be more vulnerable to topo II inhibitors than somatic DNA.
In contrast to merbarone, another catalytic inhibitor, ICRF-193, was not clastogenic to mouse sperm chromatin during remodeling. The difference in clastogenicity between merbarone and ICRF-193 may depend on their respective molecular modes of action to topo II. Merbarone primarily blocks 16 topo II-mediated DNA strand breaks, thus forming pre-cleavable complexes, while ICRF-193 is believed to stabilize the closed clamp form of topo II by creating post-passage complexes [7] . Supposing that DNA torsional stress can be relieved by post-passage complexes, the generation of DNA strand breaks may be circumvented even in the presence of ICRF-193. However, ICRF-193 and the related compounds should be recognized as clastogenic to mitotic cells [38−40] and female meiotic cells [12] , although the mechanisms are poorly understood.
The present findings afford two other insights into the mechanisms by which structural aberrations are generated in paternal chromosomes. One mechanism is the structural and biochemical alteration of sperm chromatin.
When topo II is incapable of acting on the altered sperm chromatin, DNA strand breaks may be generated as occurs when inhibitors inactivate ooplasmic topo II. This idea is supported by our previous findings that severe structural chromosome aberrations were induced in mouse spermatozoa following treatment with ethanol [41] or demembranation by sonication [29] .
The other mechanism is the delay in the remodeling of sperm chromatin behind the meiotic progression of secondary oocytes. In general, the level of topo II (α isoform) shows cell-cycle dependency; it is relatively low in G1/S phases and high in G2/M phases [3] . Unless sperm chromatin was adequately and timely exposed to ooplasmic topo II at the M phase, the torsional stress on DNA during chromatin remodeling would not be relieved completely, leading to strand breaks. This may explain why structural aberrations were significantly induced in paternal chromosomes when sperm nuclear development was delayed behind egg development in cross-fertilization 17 between Chinese hamster spermatozoa and Syrian hamster oocytes [42, 43] , and it may explain the significant increase of structural aberrations in paternal chromosomes of mouse embryos produced by delayed sperm injection into parthenogenetic eggs [44] .
Some of topo II inhibitors are clinically used as antineoplastic drugs.
In addition, some agricultural, industrial and pharmaceutical chemicals may potentially interact with topo II. Further investigation should be pursued to evaluate the cytogenetic risk of topo II inhibitors on mammalian gametes as well as to understand the mechanism underlying the chromosomal mutagenicity of topo II inhibitors. Rate of different types of structural chromosome aberrations found in androgenones derived from sperm chromatin exposed to etoposide (A) and merbarone (B) at various times after ICSI (black box: chromosome break/gap; dotted box: chromosome exchange; slashed box: chromatid break/gap; white box: chromatid exchange).
